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I.  INTRODUCTION 


Nickel  cadmium  battery  cells  are  widely  used  in  applications  that  require 
a  large  number  of  charge-discharge  cycles.  In  satellite  power  systems  NiCd 
batteries  may  experience  thousands  of  charge-discharge  cycles  during  the 
lifetime  of  the  satellite.  Any  significant  changes  that  occur  in  battery 
voltage  or  capacity  characteristics  over  this  lifetime  must  be  compatible  with 
the  satellite  power  requirements  and  the  battery  power  control  unit  capabili¬ 
ties.  The  most  immediate  change  that  often  occurs  in  the  NiCd  cell  as  it  is 
cycled  is  a  steady  decline  in  the  voltage  that  the  cell  maintains  during  dis¬ 
charge.  Such  a  loss  of  voltage  puts  an  additional  load  on  the  batteries,  and 
may  in  some  cases  cause  a  substantial  loss  in  usable  capacity.  It  has  been 
empirically  found  for  NiCd  cells  that  a  reconditioning  procedure  is  effective 
in  restoring  the  performance  that  is  lost  as  a  result  of  this  short-term  volt¬ 
age  degradation.*  Reconditioning  typically  involves  a  deep  discharge  of  the 
cell  capacity  at  a  very  low  rate  followed  by  a  full  recharge. 

The  mechanisms  that  contribute  to  degradation  of  the  voltage  characteris¬ 
tics  of  NiCd  cells  and  the  recovery  of  the  voltage  on  reconditioning  are  not 
well  established.  Mechanisms  that  tend  to  involve  either  physical  or  chemical 
changes  at  the  cell  electrodes  have  been  discussed  in  the  literature  as  con¬ 
tributing  to  voltage  losses.  Significant  changes  in  the  sizes  and  distribu- 
tion  of  crystals  of  Cd  and  Cd(0H)2  in  the  Cd  electrode  have  been  observed^ 
as  the  electrode  is  cycled  or  aged.  Ir.  these  situations  voltage  losses  could 
result  from  additional  overpotentials  due  to  decreased  active  Cd  surface  area 
(higher  current  densities).  For  positive  limited  cells,  however,  the  pre¬ 
ponderance  of  experimental  data  available  indicates  the  positive  electrode  as 
most  likely  to  undergo  voltage  degradation  with  cycling.  Besides  a  very 
gradual  swelling  with  age,  there  is  little  physical  evidence  for  major  struc¬ 
tural  changes  in  the  Ni  electrode.  However,  Jasinski"*  has  proposed  that  Ni 
electrode  voltage  degradation  on  cycling  results  from  slow  annealing  of  the 
defect  structure  in  the  uncycled  positive  active  material  (NiOOH).  The  defect 
structure  of  the  NiOOH  is  expected  to  be  significant  because  the  charge  trans- 
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fer  reaction  rate  is  thought  to  be  controlled  by  proton  transport  through  the 
NiOOH  lattice.6’7 

O 

The  work  of  Bode  and  Dehmelt  gave  the  first  characterization  of  the 
reactions  taking  place  in  the  Ni  electrode.  They  found  charge  transfer 
reactions  occurring  between  several  different  phases  of  NiOOH  and  NiCOH^: 


6-  Ni(OH), 


a-Ni(OH), 


DISCHARGE 

CHARGE 

CHARGE 

DISCHARGE 


B-NiOOH 


y-NiOOH 


Since  this  work,  a  number  of  workers  have  studied  the  electrochemical  and 

physical  properties  of  the  various  Ni  hydroxide-oxyhydroxide  phases  and  the 

o 

transitions  that  may  take  place  between  them.  Milner  and  Thomas  and  more 
recently  Barnard  et  al.*®  have  discussed  the  electrochemical  behavior  of  these 
phases  by  treating  them  as  solid  solutions  of  Ni  species  in  differing  oxida¬ 
tion  states.  Both  Harivel  et  al.11  and  Tuomi12  have  claimed  that  the  dis¬ 
charge  efficiency  of  y-NiOOH  is  poor,  and  therefore  that  it  only  undergoes 
substantial  discharge  at  low  rates.  However,  in  the  recent  work  of  Barnard  et 
al.^  the  y-NiOOH  phase  was  found  to  undergo  efficient  high-rate  discharge, 
albeit  at  potentials  slightly  lower  than  for  the  8-NiOOH.  In  addition,  they 
attribute  a  second  Ni  electrode  discharge  plateau  that  is  often  seen  about  300 
mV  below  the  primary  discharge  plateau  to  the  removal  of  Ni+2  or  Ni+^  defects 
from  the  Ni(OH)2  as  this  material  is  discharged  toward  the  divalent 
state. The  practical  impact  of  these  processes  on  the  operation  of  the 
sealed  aerospace  NiCd  cell  has  yet  to  be  determined. 

The  changes  in  voltage  characteristics  that  occur  in  aerospace  NiCd  cells 
during  cycling  and  as  a  result  of  reconditioning  must  be  considered  both  in 
the  design  of  the  battery  power  and  charge  control  units,  and  in  battery 
sizing  and  qualification.  The  magnitude  of  the  voltage  degradation  may  in 
some  cases  be  obtained  from  life  test  data,  if  such  test  results  are  available 
for  the  operating  conditions  of  the  system  in  question.  With  such  data  the 


conditions  of  battery  charge,  discharge,  storage,  and  reconditioning  may  be 
optimized  to  some  extent  to  minimize  battery  voltage  degradation.  Here  we 
report  measurements  of  voltage  losses  for  NiCd  cell  operation  in  a  variety  of 
cycling  modes  for  typical  ranges  of  currents  and  temperatures.  These  data 
should  provide  inputs  of  use  in  designing  the  battery  charge  control  unit  and 
more  importantly  should  serve  as  inputs  in  designing  battery  tests.  In  addi¬ 
tion,  the  results  should  help  settle  some  of  the  questions  that  remain  con¬ 
cerning  the  major  mechanisms  for  short-term  voltage  degradation  and 
reconditioning  in  aerospace  NiCd  cells  of  the  design  studied  here. 


7 


II.  EXPERIMENTAL  METHODS 


The  NiCd  cells  used  In  these  experiments  were  10  Ah  nameplate,  12.6  Ah 
actual  (at  C/2  rate)  capacity  sealed  cells  of  prismatic  design,  and  manu¬ 
factured  by  G.E.  Three  cells  were  used,  all  of  which  had  Cd  added  to  the  Ni 
electrodes  as  an  antipolar  mass.  The  cells  were  about  8  years  old  and  had 
experienced  fewer  than  1000  deep  discharge  cycles.  Approximately  500  to  1000 
cycles  were  added  during  the  experiments  reported  here.  No  changes  in  either 
performance  or  discharge  voltage  characteristics  could  be  attributed  to  aging 
of  the  cells  during  these  experiments.  The  voltage  changes  observed  during 
cycling  were  reproducible  among  the  three  cells  used. 

The  cells  were  restrained  from  expanding  by  0.25-in.  aluminum  plates 
bolted  to  the  sides.  Two  connectors  were  soldered  to  each  of  the  cell 
electrode  posts,  allowing  the  voltage  monitoring  leads  to  be  separated  from 
the  current-carrying  leads.  The  cells  were  charged  and  discharged  at  constant 
current.  The  cycling  was  accomplished  by  a  battery  cycler,  constructed  in  our 
laboratory,  which  controlled  the  conditions  of  charge,  discharge,  and  open- 
circuit  stand.  The  open-circuit  stand  during  cycling  was  kept  to  1  sec  except 
in  situations  where  the  effects  of  longer  open-circuit  periods  were  being 
investigated.  The  cell  voltages  were  monitored  at  all  times  on  a  strip  chart 
recorder  that  could  be  read  with  an  uncertainty  of  about  ±  2  mV.  Some  of  the 
later  data  were  taken  with  a  data  logger  that  had  an  uncertainty  of  ±  0.2  mV. 
The  power  supply  used  to  charge  and  discharge  the  cells  was  a  Kepco  36-1 5M. 

The  amount  of  charge  or  discharge  was  determined  either  by  the  product  of  time 
and  current,  or  in  some  cases  by  direct  coulometric  integration,  and  was  accu¬ 
rate  to  ±  0.001  Ah.  All  experiments  were  at  ambient  temperatures  (23  ±  2°C). 

The  conditions  employed  as  a  standard  procedure  for  reconditioning  the 
cells  consisted  of  discharging  the  cell  through  a  10  resistor  (100  for  the  1- 
Ah  laboratory  constructed  cell)  after  discharging  to  1.0  V  at  the  C/4  rate. 

The  resistor  was  left  on  the  cell  for  at  least  16  h,  after  which  the  cell 
voltage  was  less  than  10  mV.  The  cell  was  then  recharged  at  the  C/10  rate  for 
16  h,  after  which  cycling  was  begun. 
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For  experiments  employing  a  reference  electrode,  a  NiCd  cell  was  con¬ 
structed  from  1-Ni  and  2-Cd  plates  that  were  removed  from  a  10-Ah  cell.  The 
plates  were  separated  by  a  layer  of  nylon  separator  (Pellon  2505).  The  cur¬ 
rent  collector  tabs  of  the  plates  were  spot  welded  to  Ni  foil,  to  which 
lengths  of  Ni  wire  were  spot  welded.  The  Ni  wires  passed  out  of  the  cell 
housing  for  connection  to  the  power  supply.  The  electrode  assembly  was  housed 
in  a  Plexiglas  container  that  was  flooded  with  CdO-saturated  31%  KOH  electro¬ 
lyte.  The  container  was  closed  but  not  sealed,  and  was  continuously  purged 
with  N.  The  capacity  of  the  laboratory  cell  was  about  1.25  Ah,  or  about  10% 
of  the  capacity  of  the  10  Ah  aerospace  cells.  A  1-A/25-V  operational 
amplifier  galvanostat  was  used  in  charging  and  discharging  this  cell. 

The  reference  electrode  consisted  of  a  Ag  wire  sealed  into  a  polyethylene 
tube  that  passed  through  the  top  of  the  cell  housing  and  was  positioned  to  be 
adjacent  to  one  of  the  Cd  plates.  The  Ag  wire  was  briefly  oxidized  by 
anodizing  it  with  respect  to  the  Cd  electrode  at  a  current  density  of  about  1 
mA/cm  .  It  is  likely  that  the  Ag.,0  formed  on  the  silver  wire  slowly  dissolved 
in  the  electrolyte,  resulting  in  instabilities  after  several  days.  It  was 
found  that  long-term  stability  could  be  maintained  by  supplying  an  anodic 
current  of  about  40  nA  to  the  Ag  electrode  to  compensate  for  the  effective 
dissolution  current.  This  procedure  gave  excellent  long-term  stability  for 
the  Ag/Ag20  reference  electrode  with  only  a  slight  loss  in  accuracy.  It  was 
determined  that  the  reference  polarization  gave  overpotentials  of  only  2  to  3 
mV,  which  were  essentially  constant  for  the  duration  of  the  experiments. 

Since  the  experimental  measurements  involved  voltage  differences,  the 
overpotential  from  the  reference  had  less  than  a  ±  0.2  mV  effect  on  the  data, 
which  is  insignificant  compared  to  the  resolution  used  in  recording  the 
voltages . 
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III.  RESULTS 


Voltage  loss  (AV)  is  defined  here  as  the  difference  between  the  cell 
discharge  voltage  immediately  after  the  standard  reconditioning  procedure  and 
the  cell  discharge  voltage  after  cycling.  The  value  of  Av  is  a  function  of 
the  cell  state  of  charge  and  the  number  of  postreconditioning  cycles  on  the 
cell  for  any  given  set  of  cell  operating  conditions.  In  addition,  for  any 
specific  state  of  charge  and  cycle  number,  Av  may  depend  on  the  charge  and 
discharge  currents,  temperature,  depth  of  discharge  (DOD)  for  previous  cycles, 
and  the  extent  of  overcharge. 

To  adequately  characterize  the  voltage  losses  that  do  take  place,  two 
general  kinds  of  measurements  have  been  made.  First,  the  cycling  parameters 
of  charge  current,  discharge  current,  trickle  charge  rate,  recharge  ratio,  and 
DOD  were  varied  in  systematic  ways  and  the  voltage  loss  was  monitored  as  a 
function  of  number  of  cycles  from  20  up  to  200  cycles.  Presumably  each  of 
these  variables  may  in  general  affect  the  final  state  into  which  the  cell  is 
placed  as  a  result  of  cycling.  The  second  kind  of  measurements  that  we  have 
made  involve  characterization  of  that  state  that  is  obtained  as  a  result  of 
cycling.  Some  of  these  measurements  are  reported  here,  in  particular  those 
characterizing  the  steady-state  current  dependence  of  the  voltage  loss  and  how 
this  current  dependence  changes  with  DOD.  Cell  kinetics  have  also  been 
measured  as  a  function  of  DOD,  and  will  be  reported  separately.  In  addition, 
some  data  were  obtained  for  the  voltage  losses  encountered  in  cycling  Ni  and 
Cd  cell  plates  in  a  laboratory  cell  in  which  an  Ag/Ag20  reference  electrode 
was  used.  These  measurements  allow  the  voltage  losses  to  be  separated  into 
the  contributions  from  the  Ni  and  Cd  electrodes. 

Typical  data  indicating  the  voltage  depression  that  is  observed  after  37 
cycles  (to  40%  of  nameplate  DOD)  are  shown  in  Fig.  1.  The  cycling  consisted 
of  discharge  at  4  A  for  1  h,  followed  by  charge  at  2.5  A  for  1.28  h,  then 
charge  at  1  A  for  1.6  h.  The  final  discharge  after  cycling  in  Fig.  1  was  at  4 
A,  with  the  arrow  indicating  the  DOD  to  which  the  cell  was  cycled.  Upon 
reconditioning,  the  cell  delivered  about  l  Ah  more  capacity  above  1.1  V; 
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Figure  1.  Discharge  characteristics  of  NiCd  cell  after  reconditioning  and 
after  37  cycles;  4-A  discharge  (1  h),  2.5-A  charge  (1.28  h) ,  1-A 
charge  (1.6  h)  for  each  cycle.  The  arrow  indicates  the  depth-of- 
discharge  to  which  the  cell  was  cycled. 
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however,  when  the  residual  capacity  was  discharged  at  0.1  A  to  0  V,  the  total 
available  capacity  was  essentially  the  same  for  the  cycled  cell  as  it  was  for 
the  reconditioned  cell.  Therefore,  the  differences  between  the  discharge 
profiles  in  Fig.  1  are  due  to  igss  of  cell  voltage  under  load,  rather  than  to 
any  decrease  in  state  of  charge. 

Figure  2  indicates  how  the  loss  of  cell  voltage  in  Fig.  1  develops  during 
cycling  at  four  DOD.  Note  that  after  about  10  to  15  cycles,  no  further 
voltage  loss  was  observed  during  approximately  the  first  half  of  each 
discharge  cycle.  As  the  DOD  approached  40%,  which  was  the  capacity  discharged 
during  each  cycle,  a  voltage  loss  component  associated  with  long-term  as  well 
as  short-term  cycling  was  observed. 

Figure  3  indicates  the  voltage  loss  as  a  function  of  DOD  for  the  final 
discharge  following  37  charge-discharge  cycles.  The  cycling  conditions  are 
the  same  as  described  for  the  experiment  in  Fig.  1,  except  that  curve  A 
employed  a  4-A  final  discharge  current  and  curve  B  employed  a  0.5-A  final 
discharge  current. 

The  data  in  Fig.  3  indicate  substantial  voltage  losses  even  during 
discharge  at  a  current  as  low  as  0.5  A.  This  suggests  that  some  of  the 
voltage  loss  arises  from  thermodynamic  changes  (changes  in  open-circuit 
potential)  in  addition  to  the  voltage  losses  from  kinetic  changes  (overpoten¬ 
tial,  or  rate-dependent  voltage  losses).  The  voltage  losses  from  these  two 
contributions  may  be  described  by 

Av  =  I  ,AR  +  Av  (2) 

d  eff  o 

where  I.  is  the  discharge  current,  Av  is  the  voltage  loss  at  zero  current, 
and  is  the  change  in  the  steady-state  cell  polarization  resistance  at 

the  discharge  rate  1^.  The  value  of  Ar  depends  in  general  on  1^,  as  well 
as  the  conditions  under  which  the  cell  was  cycled  prior  to  the  final  dis¬ 
charge.  The  two  terms  in  Eq .  (2)  may  be  separated  since  Av  is  independent  of 

o 

current.  This  separation  is  indicated  by  curve  C  of  Fig.  4,  where  Av  is 
plotted  as  a  function  of  Ij.  The  measurements  indicated  in  curve  C  were  made 


ji'rtA'vr.- 


Av  in 


AV  (mV) 


Figure  4.  Dependence  of  voltage  loss  on  discharge  current  after  22  cycles 
employing  4-Ah  discharge,  followed  by  1-A  charge  for  5  h.  For 
curve  A  the  discharge  current  during  cycling  afnd  during  the  final 
discharge  was  that  indicated  on  the  abscissa.  Curve  B  involved 
cycling  at  the  current  on  the  abscissa  followed  by  a  1-A  final 
discharge.  Curve  C  involves  22  cycles  employing  a  2.5-A  discharge 
current,  with  the  final  discharge  being  at  the  current  indicated  on 
the  abscissa. 
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by  measuring  Ay  at  the  peak  indicated  in  Fig.  3,  which  was  typically  after  4.5 

Ah  of  capacity  had  been  discharged  at  the  indicated  rate,  1^.  Before  each 

Ay  measurement,  the  reconditioned  cell  was  subjected  to  22  cycles,  each 

consisting  of  a  1-A  charge  for  5  h,  followed  by  a  2.5-A  discharge  for  1.6  h. 

The  point  at  zero  current  in  curve  C  of  Fig.  4  was  obtained  by  discharging  4 

Ah  of  capacity  at  1.5  A  after  cycling,  then  allowing  20  h  of  open-circuit 

stand  before  measuring  Ay.  Curve  C  of  Fig.  4  is  not  linear,  indicating 

that  Ar  which  is  the  slope  of  this  curve,  is  itself  current  or  rate 
eff 

dependent.  Another  significant  result  from  this  curve  is  that  Ay  is  about  20 

o 

mV,  indicating  a  thermodynamic  shift  in  the  potential  of  the  NiCd  cell. 

Repetitive  cycling  typically  will  change  the  chemical  state  of  the  NiCd 
cell  as  reflected  by  the  changes  in  potential  observed.  The  chemical  state 
that  is  reached  will  in  general  depend  on  the  discharge  current  used  during 
the  repetitive  cycling.  The  experimental  results  indicated  in  curve  B  of  Fig.  4 
show  Ay  as  a  function  of  the  discharge  current  employed  during  the  cycling. 

The  cycling  in  these  experiments  involved  22  cycles,  each  consisting  of  charge 
at  1  A  for  5  h,  followed  by  discharge  at  the  indicated  current.  In  each  ex¬ 
periment  the  value  of  AV  was  measured  during  the  final  discharge  at  the  peak 
in  Ay  (about  4.5  Ah  discharged)  during  discharge  at  the  1-A  rate. 

The  results  indicated  in  curve  A  of  Fig.  4  show  the  combined  effects  of 
the  variables  in  curves  B  and  C.  For  curve  A  the  discharge  current  during 
cycling  and  the  final  discharge  current  were  varied  together,  using  the  same 
cycling  regime  employed  for  the  experiments  indicated  in  curves  B  and  C  of 
Fig.  4.  The  result  is  a  combination  of  the  contributions  to  Ay  in  curves  B 
and  C,  causing  curve  A  to  have  a  minimum  at  an  operating  current  of  about  2  A. 

The  data  presented  in  Fig.  5  indicate  how  Ay  develops  during  cycling  at 
the  different  discharge  currents  employed.  The  cycling  sequence  was  the  same 
as  described  above  for  curve  A  of  Fig.  4.  The  error  bars  on  the  points  of 
Fig.  5  indicate  the  range  of  scatter  in  the  data  points.  For  Fig.  5  AV  was 
measured  after  discharge  of  4-Ah  capacity  at  the  indicated  current,  rather 
than  at  the  peak  of  Ay  as  in  Fig.  4.  For  this  reason  the  AV  in  Fig.  5  are 
smaller,  particularly  at  a  10-A  discharge  current.  This  result  suggests  that 
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(circles),  5  A  (points),  and  10  A  (squ; 


in  the  region  of  4  to  4.5  Ah  DOD  the  value  of  in  Eq .  (2)  is  quite 

sensitive  to  the  amount  of  capacity  discharged,  and  that  Reff  is  substantially 
greater  during  discharge  beyond  the  4-Ah  capacity. 

The  dependence  of  voltage  losses  on  the  charge  rate  during  cycling  is 
indicated  in  Fig.  6  for  up  to  30  cycles.  The  cycling  sequence  in  these 
experiments  consisted  of  discharging  at  5  A  until  4  Ah  of  capacity  are 
discharged,  charging  at  the  specified  rate  until  80%  of  the  charge  is 
returned,  then  charging  at  1  A  until  125%  of  the  charge  is  returned.  In  this 
way  the  overcharge  duration  and  rate  are  essentially  the  same  for  all  the 
experimental  data  shown  in  Fig.  6.  The  charge  rates  varied  from  0.5  A  to  5 
A.  The  voltage  losses  on  cycling  show  a  quite  pronounced  dependence  on  the 
charge  rate.  This  dependence  is  indicated  in  Fig.  7.  At  charge  rates  above 
2.5  A  the  voltage  loss  is  minimized  and  does  not  greatly  depend  on  charge 
current;  however,  for  charge  rates  below  2.5  A  the  voltage  losses  increase 
rapidly  with  decreasing  current.  From  Fig.  6  the  additional  voltage  loss  that 
results  from  using  a  low  charging  current  appears  to  become  greater  as  the 
number  of  cycles  increases,  since  the  slopes  of  the  &V  plots  become  greater  at 
the  lower  charging  currents 

The  dependence  of  voltage  losses  on  the  extent  of  overcharge  was  also 
examined  and  is  indicated  in  Fig.  8.  For  these  experiments  the  cycle  mode 
consisted  of  discharging  at  5  A  until  4  Ah  of  capacity  were  removed,  recharge 
at  2.5  A  to  80%  charge  return,  followed  by  charging  at  1  A  until  the  indicated 
percentage  charge  return  was  obtained.  Figure  8  indicates  that  for  low 
percentages  of  charge  return  an  increased  loss  of  cell  voltage  is  found  after 
more  than  about  20  cycles.  This  may  be  caused  by  a  somewhat  lower  average 
state  of  charge  when  only  105%  charge  return  is  used,  since  a  slight  decrease 
in  capacity  was  noted  when  a  low  charge  return  was  employed. 

In  Fig.  9  experimental  results  are  presented  that  show  how  the  voltage 
losses  depend  on  the  depth  of  discharge  to  which  the  cell  is  cycled.  The 
cycling  mode  for  these  experiments  consisted  of  discharging  at  5  A  to  the  in¬ 
dicated  DOD  based  on  nameplate  capacity,  recharging  at  2.5  A  until  80%  of  the 
charge  was  returned,  then  recharging  at  1  A  until  125%  was  returned.  The 
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Dependence  of  voltage  loss  on  the  charge  current  used  during 
cycling;  after  12  cycles  (squares)  and  after  29  cycles  (circles). 
Each  cycle  involved  a  5-A  discharge  for  4  Ah,  followed  by  recharge 
at  the  current  indicated  on  the  abscissa  for  3.2  Ah  and  then  at  1  A 
for  1.8  Ah. 


NUMBER  OF  CYCLES 


Dependence  of  voltage  loss  on  overcharge.  Each  cycle  Involved  a  5-A 
discharge  for  A  Ah,  followed  by  recharge  at  2.5  A  for  3.2  Ah  and 
then  at  1  A  for  1  h  (points,  recharge  ratio  =  1.05)  and  at  1  A  for 
1.8  h  (circles,  recharge  ratio  =  1.25). 
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Figure  9. 


Development  of  voltage  loss  for  cycling  to  various  depths  of  dis 
charge.  Each  cycle  involved  discharge  at  5  A  for  1  Ah  (triangles), 
2.5  Ah  (points),  5  Ah  (circles),  and  8  Ah  (squares),  followed  by 
recharge  at  2.5  A  until  80%  of  the  capacity  discharged  was 
returned,  then  recharge  at  1  A  until  125%  of  the  capacity  discharge 
was  returned. 
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depths  of  discharge  examined  ranged  from  10%  to  80%  of  the  10-Ah  nameplate 
value.  The  data  in  Fig.  9  indicate  that  there  was  very  little  dependence  on 
DOD,  but  rather  that  the  dominant  factor  in  controlling  voltage  depression  was 
the  number  of  cycles  on  the  cell. 

Plates  from  a  10-Ah  NiCd  cell  were  cycled  in  an  electrolyte-flooded 
laboratory  cell  that  was  equipped  with  an  Ag/Ag20  reference  electrode  that  al¬ 
lowed  the  voltage  losses  from  the  individual  Ni  and  Cd  electrodes  to  be  exa¬ 
mined  during  cycling.  This  cell  had  approximately  one-tenth  the  capacity  of  a 
10-Ah  cell.  In  this  experiment  the  cycling  mode  consisted  of  discharge  at 
0.15  A  until  0.4  Ah  of  capacity  was  discharged,  followed  by  charge  at  0.10  A 
until  115%  charge  was  returned.  The  results  are  indicated  in  Fig.  10  for  22 
cycles.  The  total  loss  in  end-of-discharge  voltage  in  Fig.  10  is  very  similar 
to  the  losses  in  sealed  NiCd  cells  in  Figs.  1-9.  Essentially  all  of  the 
voltage  depression  results  from  changes  in  the  Ni  electrode  potential  with 
cycling.  The  Cd  electrode  gave  only  a  very  slight  voltage  loss  that  was 
within  the  scatter  of  the  data  points  in  Fig.  10.  These  data  suggest  that  the 
voltage  losses  indicated  in  Figs.  1  through  9  represent  changes  in  the  Ni 
electrode  potential. 
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Figure  10.  Development  of  voltage  loss  with  cycling  in  a  1-Ah  NiCd  cell  at 
the  Ni  electrode  (circles)  and  Cd  electrode  (points).  The 
reference  electrode  was  \gMg2O.  Each  cycle  involved  discharge  at 
0. 1 5  A  for  0.4  Ah  followed  by  recharge  at  0.10  A  for  0.46  Ah. 
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IV.  DISCUSSION  OF  RESULTS 


The  results  that  have  been  obtained  in  this  work  may  be  most  easily 
discussed  in  the  framework  of  a  reaction  sequence  such  as  that  described  in 
Eq.  1.  Evidence  for  a  reaction  sequence  of  this  general  type  for  the  Ni 
electrode  has  been  previously  given  by  other  workers.^’ ^ ^  The  most 
detailed  scheme  is  that  of  Barnard  et  al.,^®»^  who  found  evidence  for  the 
charged  8  and  Y  phases  of  nickel  oxyhydroxide ,  which  may  discharge  to  acti¬ 
vated  or  deactivated  6  and  activated  or  deactivated  a  phases,  respectively. 

In  addition,  conversion  of  the  charged  8  phase  to  the  charged  y  phase  is 
possible  during  charge,  and  conversion  of  the  discharged  a  phase  to  the 
discharged  8  phase  is  possible  during  discharge  or  open  circuit.  A 
reconditioning  discharge  in  this  scheme  may  be  regarded  as  conversio.  of 
active  material  to  a  deactivated  8  phase  that  is  then  recharged  to  the 
active  8-NiOOH. 

A  model  of  how  the  phase  composition  of  the  Ni  electrode  might  change 
during  the  course  of  cycling  is  represented  pictorially  in  Fig.  11.  From  the 
reconditioned  or  completely  discharged  state  the  cell  is  initially  recharged 
predominantly  to  B-NiOOH.  Discharge  of  this  material  forms  8-  NifOH^*  that 
is  then  recharged  during  cycle  2  to  form  some  Y-NiOOH  as  well  as  B-NiOOH.  On 
each  subsequent  cycle  the  8-NiOOH  is  discharged  preferentially  over  the  Y- 
NiOOH,  while  more  Y-NiOOH  is  formed  during  each  recharge.  Eventually  a  steady 
state  is  reached  when  the  amount  of  Y-NiOOH  generated  during  recharge  balances 
that  which  is  reduced  during  discharge.  The  two-phase  system  leads  to  a  dis¬ 
charge  voltage  for  the  cycled  cell,  such  as  that  in  Fig.  1,  which  consists  of 
two  regions.  The  higher  potential  region  occurs  during  preferential  discharge 


The  discharged  material  is  referred  to  as  NifOH^  in  this  report  for 
convenience.  The  work  of  Barnard  et  al.^»^  suggests  that  the  active 
material  actually  discharges  initially  to  a  phase  having  an  oxidation  state 
on  the  order  of  2.25.  Subsequent  low-rate  discharge  may  further  discharge 
this  phase  towards  the  divalent  state  at  potentials  300  to  400  mV  lower  than 
the  normal  Ni  electrode  potential  during  discharge. 
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.  Pictorial  representation  of  how  a  phase  separation  may  occur  in 
the  Ni  electrode  upon  cycling 
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of  the  P-MiOOH,  and  the  lower  plateau  results  from  discharge  of  a  Y-NiOOH 
enriched  material. 

The  voltage  losses  reported  here  for  the  NICd  cell  are  assumed  to  arise 
predominantly  from  the  Ni  electrode,  as  the  results  employing  a  reference 
electrode  appear  to  indicate.  The  change  in  potential  realized  after  cycling 
contains  both  current-independent  and  current-dependent  contributions  as 
indicated  by  Eq .  (2).  A  change  in  phase  composition  of  the  charged  active 
materials  can  account  for  the  roughly  20-mV  change  typically  observed  in  the 
open-circuit  potential.  The  EQ  values  for  discharge  of  the  Y-  NiOOH  to  a- 
Ni(0H)2  and  the  P-NiOOH  to  B-Ni(0H)2  have  been  reported*0  to  be  1.3179  and 
1.3688  V,  respectively,  versus  NHE.  The  change  in  EQ  of  about  20  mV  most 
likely  reflects  changes  in  mixed  potentials  of  these  phases.  From  Fig.  6  it 
is  concluded  that  after  extensive  cycling  much  of  the  increase  in  Av  results 
from  increasing  overpotential  rather  than  from  continued  decreases  in  the 
open-circuit  potential.  This  conclusion  is  based  on  the  observation  that  volt¬ 
age  losses  of  up  to  65  mV  have  been  observed  to  occur  and  to  continue  to  in¬ 
crease  monotonically  after  several  hundred  cycles,  while  the  maximum  change 
expected  for  the  open-circuit  potential*0  is  less  than  about  60  mV.  These 
results  suggest  that  the  initial  voltage  losses  that  occur  rapidly  during  the 
first  20  to  30  cycles  are  dominated  by  changes  in  open-circuit  potential,  and 
that  the  changes  that  continue  more  slowly  over  the  long  term  result  from 
overpotentials  associated  with  the  morphology  and  physical  structures  of  the 
crystalline  phases  at  the  electrode  surfaces.  The  form  of  this  current- 
overpotential  relationship  is  given  by  curve  C  of  Fig.  4  and  appears  likely  to 
result  from  a  combination  of  increased  electronic  resistance  and  increased 
resistance  to  proton  diffusion  in  the  NiOOH  lattice.^'7  The  steady-state 
resistance  arising  from  proton  diffusion  is  to  a  first  approximation  inversely 
proportional  to  the  current  squared, *^  which  can  account  for  the  sharply  cur¬ 
ved  function  in  curve  C  of  Fig.  4  at  low  currents.  At  high  currents  the 
current-overpotential  relationship  approaches  linearity  as  the  effects  of 
increased  electronic  resistance  become  dominant. 

The  charge-discharge  reactions  at  the  Ni  electrode  [Eq.  (1)]  are 
generally  considered  to  occur  in  the  solid  state.  In  such  a  case  the 
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morphology  of  the  active  material  deposits  is  not  likely  to  undergo  rapid 
change  In  terms  of  growth  or  physical  migration  (a  very  slow  long-term 
swelling  is  often  observed  in  Ni  electrodes).  When  a  separation  of  phases 
occurs  in  the  active  material  it  is  possible,  and  in  fact  quite  likely,  that 
the  interface  of  each  individual  phase  with  the  electrolyte  may  be 
substantially  altered  as  such  phase  separation  develops.  This  kind  of 
interfacial  change  may  be  thought  of  in  terms  of  the  crystallites  of  active 
material  that  comprise  each  phase  forming  a  structurally  inhomogeneous 
distribution  over  the  electrode  surfaces.  Phase  separation  will,  therefore, 
decrease  the  active  surface  area  of  the  initial  phase,  while  the  total  active 
electrode  surface  area  remains  relatively  unchanged.  These  changes  will 
create  nonuniformities  in  the  current  and  potential  distribution  throughout 
the  electrode,  and  are  therefore  likely  to  increase  the  overpotential  at  the 
Ni  electrode.  Greater  overpotentials  may  be  caused  by  the  increased  local 
current  densities  on  the  electrode,  as  well  as  by  differences  in  the  rates  of 
proton  transport  in  the  separated  phases.  The  curvature  in  the  I/V  plot 
(curve  C  of  Fig.  A)  at  lower  currents  is  qualitatively  consistent  with  the 
behavior  expected  for  either  a  transport  process  or  a  nonuniform  current 
distribution. 

The  loss  of  potential  was  found  to  be  relatively  insensitive  to  the  depth 
of  discharge  or  the  amount  of  charge  return  used  during  cycling.  The 
potential  loss  was  found  to  depend  most  strongly  on  the  number  of  charge- 
discharge  cycles,  and  the  potential  was  only  depressed  significantly  during 
discharge  of  the  uncycled  material.  It  was  also  found  that  the  charge  and 
discharge  currents  at  which  the  cell  was  cycled  were  quite  important  in 
determining  the  rate  of  voltage  loss.  When  cycled  at  both  low  charge  and 
discharge  currents,  the  cell  voltage  during  the  final  discharge  was  depressed 
much  more  rapidly  than  when  higher  cycling  currents  were  used.  These  results 
are  consistent  with  the  development  of  phase  separation  during  cycling.  For 
high  charge  or  discharge  currents,  the  charge  and  discharge  processes  are  less 
specific  in  terms  of  each  phase,  i.e.,  nonuniformities  in  current  are  less 
pronounced  at  higher  currents.  At  low  currents  the  charge  and  discharge 
reactions  are  much  more  phase  specific,  with  the  result  being  to  separate  the 
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active  material  in  *-erm s  of  phase  composition  as  the  Ni  electrode  is  cycled. 
This  situation  is  the  solid-state  analog  to  crystallization  from  solution 
where  a  high  growth  rate  leads  to  finely  divided  crystallites  interspersed 
throughout  the  liquid  phase,  ratner  than  a  few  large  crystals  for  low  growth 
rates.  In  this  way  the  high-  and  low-rate  conditions  give  rise  to 
dramatically  different  interfacial  areas  between  the  two  phases  that  are 
undergoing  separation. 

The  recovery  of  performance  that  is  associated  with  reconditioning  may  be 
regarded  as  involving  the  discharge  of  both  phases  to  a  common  material.  This 
material  is  likely  to  be  0-Ni(OH)2  since  on  recharge  the  resulting  S-NiOOH 
discharges  at  a  higher  potential  than  Y-NiOOH.  Any  discharged  ct-phase  can 
undergo  a  slow  discharge  to  6-Ni(OH)2  during  reconditioning  by  a  process  which 
has  been  reported  in  the  literature. This  process  destroys  any  preexisting 
phase  separation  since  it  puts  all  the  active  material  in  a  common 
phase,  &-Ni(0H)2,  which  may  then  be  recharged. 

These  results  suggest  several  factors  to  be  considered  in  cell  design  and 
testing.  While  the  specific  results  obtained  here  are  expected  to  depend  on 
the  particular  cell  design  and  should  not  be  quantitatively  applied  to  other 
designs,  the  general  concepts  should  be  generally  applicable  to  Ni 
electrodes.  It  is  indicated  that  the  substantial  voltage  losses  realized 
during  long-term  cycling  are  due  to  modifications  of  the  structure  and 
effective  area  of  the  B-NiOOH/electrolyte  interface,  whereas  the  short-term 
losses  arise  more  from  changes  in  the  equilibrium  potential  of  the  electrode 
as  its  phase  composition  changes.  The  long-term  losses  in  voltage  should 
therefore  be  quite  sensitive  to  electrode  design  parameters  such  as  the 
relative  crystallite  dimensions  and  the  typical  distances  between  the  current 
collector  and  the  electrolyte  interface.  The  process  by  which  the  active 
material  is  impregnated  into  the  current  collector  should  therefore  be 
critical.  Indeed,  this  may  be  one  reason  for  some  of  the  differences  in 
performance  associated  with  electrochemically  impregnated  plates.  The 
dependence  of  voltage  losses  on  charge  and  discharge  rates  suggests  that  these 
rates  should  be  made  as  high  as  possible  within  the  constraints  of  a  given 
battery  system,  as  long  as  high-rate  overcharge  or  overcharge  at  elevated 
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temperatures  are  avoided,  since  these  conditions  can  cause  irreversible 
degradation  of  the  NiCd  cell  performance.  The  results  also  suggest  that  even 
a  high-rate  discharge  can  provide  effective  reconditioning  in  terms  of  raising 
the  cell  potential.  However,  the  capacity  that  is  not  discharged  during  a 
high-rate  reconditioning  discharge  is  likely  to  remain  unavailable,  whereas  a 
low-rate  reconditioning  discharge  will  recover  this  capacity,  as  well  as  raise 
the  cell  potential. 
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V.  CONCLUSIONS 


The  losses  in  voltage  occurring  in  a  NiCd  cell  that  is  repetitively 
cycled  have  been  measured  under  a  variety  of  conditions.  The  voltage  changes 
appear  to  arise  predominantly  from  changes  at  the  Ni  electrode,  which 
undergoes  a  separation  of  the  active  material  into  two  phases.  The  phase 
separation  changes  the  open-circuit  potential  of  the  cell  as  a  function  of 
depth  of  discharge.  The  distribution  of  the  phases  appears  to  be  significant 
in  determining  the  overpotential  for  discharge  of  the  Ni  electrode. 
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LABORATORY  OPERATIONS 


The  Laboratory  operations  of  The  Aerospace  Corporation  1b  conducting 
experimental  and  theoretical  Investigations  necessary  for  the  evaluation  and 
application  of  scientific  advances  to  new  military  concepts  and  systems*  Ver¬ 
satility  and  flexibility  have  been  developed  to  a  high  degree  by  the  laborato¬ 
ry  personnel  In  dealing  with  the  many  problems  encountered  In  the  Nation's 
rapidly  developing  apace  systems.  Expertise  in  the  latest  scientific  develop¬ 
ments  is  vital  to  the  accomplishment  of  tasks  related  to  these  problems.  The 
laboratories  that  contribute  to  this  research  are: 

Aerophyalcs  Laboratory:  Aerodynamics;  fluid  dynamics;  plasmadynamics; 
chemical  kinetics;  engineering  mechanics;  flight  dynamics;  heat  transfer; 
high- power  gas  lasers,  continuous  and  pulsed.  IR,  visible,  UV;  laser  physics; 
laser  resonator  optics;  laser  effects  and  countermeasures. 

Chemistry  and  Physics  Laboratory:  Atmospheric  reactions  and  optical  back¬ 
grounds;  radiative  transfer  and  atmospheric  transmission;  thermal  and  state- 
specific  reaction  rates  In  rocket  plumes;  chemical  thermodynamics  and  propul¬ 
sion  chemistry;  laser  Isotope  separation;  chemistry  and  physics  of  particles; 
space  environmental  and  contamination  effects  on  spacecraft  materials;  lubrica¬ 
tion;  surface  chemistry  of  Insulators  and  conductors;  cathode  materials;  sen¬ 
sor  materials  and  sensor  optics;  applied  laser  spectroscopy;  atomic  frequency 
standards i  pollution  and  toxic  materials  monitoring. 

Electronics  Research  Laboratory:  Electromagnetic  theory  and  propagation 
phenomena;  microwave  and  semiconductor  devices  and  Integrated  circuits;  quan¬ 
tum  electronics,  lasers,  and  electro-optics;  communication  sciences,  applied 
electronics,  superconducting  and  electronic  device  physics*  mil lime ter- wave 
and  far- Infrared  technology. 

Materials  Sciences  Laboratory:  Development  of  new  materials;  composite 
materials;  graphite  and  ceramics;  polymeric  materials;  weapons  effects  and 
hardened  materials;  materlslt  for  electronic  devices;  dimensionally  stable 
materials;  chemical  and  structural  analyses;  stress  corrosion;  fatigue  of 
metals. 

Space  Sciences  Laboratory:  Atmospheric  and  Ionospheric  physics,  radia¬ 
tion  from  the  atmosphere,  density  and  composition  of  the  atmosphere,  aurorae 
and  alrglow;  magnet os pherlc  physics,  cosmic  rays,  generation  and  propagation 
of  plasms  waves  in  the  magnetosphere;  solar  physics,  x-rsy  astronomy;  the  effects 
of  nuclear  explosions,  magnetic  storms,  and  solar  activity  on  the  earth's 
atmosphere,  Ionosphere,  and  magnetosphere;  the  effects  of  optical,  electromag¬ 
netic,  and  particulate  radiations  In  space  on  space  systems. 


